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AN INVESTIGATION OF THE CAUSES OF FAILURE 

OF FLEXIBLE THERMAL PROTECTION MATERIALS 

I N  AN AERODYNAMIC ENVIRONMENT 

1 INTRODUCTION 

Advanced F l e x i b l e  Reusable Sur face I n s u l a t i o n  (AFRSI) has been developed as a 

rep1 acement f o r  t h e  1 ow- temperature ( w h i t e )  ti 1 es on t h e  Space S h u t t l  e Orb i  t e r .  

AFRSI i s  a q u i l t e d  b l a n k e t  c o n s i s t i n g  o f  s i l i c a - f i b e r  i n s u l a t i o n  as t h e  q u i l t  

f i l l e r ,  woven q u a r t z - f i b e r  o u t e r  f a b r i c  and g l a s s - f i b e r  i n n e r  f a b r i c .  The 

q u i l t i n g  i s  done w i t h  t e f l o n - c o a t e d  q u a r t z  t h r e a d  s t i t c h e d  through t h e  t h r e e  

l a y e r s  o f  m a t e r i a l s .  

a r e  approx imate ly  f o u r  ( 4 )  q u i l t  s t i t c h e s  p e r  i n c h .  

q u a r t z  f a b r i c  i s  0.027 i n c h  and t h e  d iameter  o f  t h e  q u i l t i n g  t h r e a d  i s  about 

0.02 i n c h .  The th ickness  o f  AFRSI b lankets ,  which a r e  bonded t o  t h e  O r b i t e r  

sur face  w i t h  RTV-360, v a r i e s  f rom about 1/2 i n c h  t o  1 i n c h .  

The q u i l t  c e l l s  a r e  n o m i n a l l y  1 - i n c h  square and t h e r e  

The t h i c k n e s s  o f  t h e  

The f i r s t  a p p l i c a t i o n  o f  AFRSI f o r  an O r b i t e r  f l i g h t  was on t h e  OMS pods f o r  

STS-6. 

T h i s  prompted a p o s t  f l i g h t  wind- tunnel  t e s t  program t o  i n v e s t i g a t e  and f i x  

t h e  problem (Refs.  1 - 5 ) ;  and i n  f a c t  a successfu l  f i x  was accomplished. The 

f i x  i s  a ceramic c o a t i n g  o f  t h e  o u t e r  f a b r i c ,  which bonded t h e  f i b e r s  i n  t h e  

f a b r i c  and q u i l t  s t i t c h e s  and thus  added r i g i d i t y  t o  t h e  sur face .  

U n f o r t u n a t e l y ,  damage o f  t h e  AFRSI occur red  d u r i n g  e n t r y  o f  STS-6. 

A l though as ment ioned the  p o s t  STS-6 t e s t s  accomplished t h e  d e s i r e d  f i x  o f  t h e  

AFRSI, they  d i d  n o t  r e v e a l  t h e  mechanism o f  f a i l u r e  when AFRSI i s  exposed t o  

e n t r y  temperature and aerodynamic environments.  Subsequently, t h e r e f o r e ,  an 

assessment o f  t h e  wind- tunnel  t e s t  d a t a  and some f a t i g u e  t e s t s  o f  t h e  q u i l t -  

s t i t c h i n g  threads were sponsored by Ames Research Center t o  h e l p  p i n - p o i n t  t h e  

mechanism o f  f a i l u r e  (Ref .  6 ) .  Reference 6 concent ra ted  on f a t i g u e  e f f e c t s  

t h a t  c o u l d  be caused by s e l f - a b r a s i o n  due t o  dynamic l o a d s  f rom shock waves and 

separated boundary l a y e r s .  

been s t u d i e d  (Ref .  7 )  and was n o t  suspect even though t h e r e  was an 80-percent  

r e d u c t i o n  i n  s t r e n g t h  of  th reads  a f t e r  exposure t o  1100°F. 

The s t a t i c  s t r e n g t h  o f  t h e  m a t e r i a l  had p r e v i o u s l y  

References 6 and 7 
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showed t h a t  about 5 -percent  by we igh t  o f  t h e  t e f l o n  c o a t i n g  o f  t h e  th reads  was 

l o s t  due t o  heat  c l e a n i n g  (650°F f o r  4 hours p l u s  850°F f o r  2 hours )  and 100- 

p e r c e n t  by we igh t  o f  t h e  t e f l o n  was l o s t  due t o  e n t r y  temperatures over  1100°F. 

The l o s s  o f  t e f l o n  t h e r e f o r e  c o u l d  s t r o n g l y  a f f e c t  t h e  f a t i g u e  o f  t h e  th reads .  

For  the t e s t s  o f  Reference 6 an apparatus was designed t h a t  a p p l i e d  p u l s a t i n g  

aerodynamic loads on threads s i m i l a r  t o  the  loads  on t h e  q u i l t  s t i t c h i n g  caused 

by o s c i l l a t i n g  shock waves. The t e s t s  showed t h a t  t h e r e  was an ex t remely  l a r g e  

r e d u c t i o n  ( g r e a t e r  then a f a c t o r  o f  l o 6 )  i n  t h e  number-of-cycles t o  f a i l u r e  f o r  

threads t h a t  had been t h e r m a l l y  p r e c o n d i t i o n e d  a t  1,200"F versus threads t h a t  
had been h e a t  c leaned. Such a r e s u l t  suggests t h a t  AFRSI b l a n k e t  f a i l u r e s  may 

commence w i t h  q u i l t - s t i t c h  t h r e a d  f a i l u r e s  f o l l o w e d  by r e l e a s e  o f  q u i l t  c e l l s  

and loosen ing  o f  o u t e r  f a b r i c  which i s  then f r e e  t o  f l u t t e r  o r  t o  respond t o  

t h e  shock-wave boundary-1 ayer e x c i t a t i o n .  Prev ious wind- tunnel  t e s t s  have n o t  

r e v e a l e d  whether t h e  q u i l t  threads o r  t h e  o u t e r  f a b r i c  has been f i r s t  t o  f a i l .  

Because the o u t e r - f a b r i c  f i b e r s  a r e  n o t  coated w i t h  t e f l o n ,  i t  i s  expected t h a t  

f o r  equal bending r a d i u s  t h e  f a t i g u e  l i f e  o f  t h e  f a b r i c  would be l e s s  than t h a t  

of t h e  q u i l t  threads b e f o r e  e n t r y  h e a t i n g  and the  same a f t e r  e n t r y  h e a t i n g .  

To f u r t h e r  s tudy  t h e  f a i l u r e  c h a r a c t e r i s t i c s  o f  AFRSI, a d d i t i o n a l  work has been 

supported by Ames t h a t  i n c l u d e d  the  des ign o f  an apparatus t o  s i m u l a t e  O r b i t e r  

e n t r y  mean-flow and p u l s a t i n g  aerodynamic loads  on smal l  AFRSI b l a n k e t  panels  

and t e s t s .  

of f l o w  and cont inuous v i s u a l  i n s p e c t i o n  o f  panels  so t h a t  f a i l u r e  d e t a i l s ,  

i n c l u d i n g  t h e  progress ion ,  o f  b l a n k e t  damage c o u l d  be s t u d i e d .  

these t e s t s  which i n c l u d e  t h e  e f f e c t s  o f  h e a t  c l e a n i n g  and en t ry - tempera ture  

p r e c o n d i t i o n i n g  are  t h e  s u b j e c t  o f  t h i s  r e p o r t .  

The apparatus a l lowed a lmost  ins tan taneous s t a r t i n g  and s topp ing  

The r e s u l t s  o f  

2 TEST APPARATUS 

A smal l  w ind- tunnel  t e s t  apparatus w i t h  a 1.75- x 3 - inch  t e s t  s e c t i o n  has been 

designed and f a b r i c a t e d  t o  s i m u l a t e  shock-wave boundry- layer  a i r  loads  on 3-  x 

5 .5 - inch  AFRSI t e s t  a r t i c l e s .  The apparatus i s  l o c a t e d  i n  Ames B u i l d i n g  N227D 
i n  t h e  n o r t h e a s t  corner  o f  room 201. T h i s  l o c a t i o n  was s e l e c t e d  t o  take  advan- 

tage o f  a v e r y  h i g h  volume 140-ps i  d r y  a i r  source and an e x i s t i n g  o u t l e t  va lve .  
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A ske tch  o f  t h e  i n s t a l l a t i o n  i s  shown i n  F i g u r e  1 and a photograph i s  shown i n  

F i g u r e  2.  The t o t a l  apparatus c o n s i s t s  o f  a 2 - inch  p i p e  f rom t h e  a i r  source t o  

a convenient  t a b l e - t o p  work ing  p o s i t i o n ,  an a d d i t i o n a l  c o n t r o l  v a l v e  and b a l l  

va lve,  t h e  w ind  tunne l ,  a v e l o c i t y  and n o i s e  q u i e t i n g  tube and l a s t l y  a l a r g e  

sound suppress ing box l i n e d  w i t h  3 - i n c h  t h i c k  open-cel l  foam m a t e r i a l .  The a i r  

source i s  s u f f i c i e n t l y  l a r g e  t o  a l l o w  cont inuous o p e r a t i o n  a t  dynamic pressures 

( 9 )  g r e a t e r  than 600 p s f .  

A ske tch  and photograph o f  t h e  wind- tunnel  p a r t  o f  t h e  apparatus a r e  shown i n  

F igures  3 and 4. The w ind  tunne l  c o n s i s t s  o f  an expansion s e c t i o n  t h a t  changes 

the  f l o w  c r o s s  s e c t i o n  f rom c i r c u l a r  t o  r e c t a n g u l a r ,  t h e  1.75- x 3 - i n c h  t e s t  

s e c t i o n  and a p a r t i a l  b u t t e r f l y  v a l v e  w i t h  a d r i v e n  r o t a t i n g  vane t h a t  causes 

pressure  o s c i l l a t i o n s  i n  t h e  t u n n e l .  

which spans the  bot tom w a l l  downstream o f  the  t e s t  sec t ion ,  reduces t h e  f l o w  

c ross  s e c t i o n  by a maximum o f  0.5- x 3- inches.  When t h e  vane i s  p a r a l l e l  t o  

the f low,  t h e  s t ream-s ide s u r f a c e  i s  f l u s h  w i t h  t h e  w a l l .  The r o t o r  i s  d r i v e n  

by two d.c.  motors capable o f  speeds t o  18,000 rpm. The motors a re  mounted on 

each end o f  t h e  r o t o r  s h a f t .  

The r o t a t i n g  vane shown i n  F i g u r e  5, 

Most o f  t h e  wind- tunnel  c o n s t r u c t i o n  m a t e r i a l  i s  a1 uminum; however, hard-wood 

b l o c k s  a r e  used i n  t h e  t e s t  s e c t i o n  t o  c o n t a i n  the,AFRSI t e s t  a r t i c l e s  and an 

a c r y l i c  window i s  above the  t e s t  s e c t i o n  f o r  m o n i t o r i n g  the  c o n d i t i o n  o f  t h e  

AFRSI d u r i n g  t e s t s .  

I 

3 AFRSI TEST ARTICLES 

Each o f  t h e  AFRSI t e s t  a r t i c l e s ,  as shown i n  F i g u r e  6, was i n s t a l l e d  i n  a 

machineable ceramic frame w i t h  o u t s i d e  dimensions 7.5- inches l o n g  b y  6.5- inches 

wide b y  1 - i n c h  deep. The t e s t  a r t i c l e s  were c u t  f rom n o m i n a l l y  1 - i n c h  t h i c k  

b l a n k e t s  t h a t  had been manufactured f o r  an O r b i t e r .  The b l a n k e t s  were ob ta ined 

f rom Rockwell  I n t e r n a t i o n a l  Corpora t ion  a f t e r  they  had been h e a t  c leaned and 

water  p roo fed .  The t e s t  a r t i c l e s  were f i r s t  c u t  t o  the  o u t s i d e  frame dimen- 

s ions,  and then the  f i l l e r  m a t e r i a l  and i n n e r  f a b r i c  were c a r e f u l l y  trimmed t o  

match t h e  frame i n s i d e  dimensions. The i n n e r  f a b r i c  was bonded t o  an aluminum 

bot tom p l a t e  u s i n g  f i r s t  a s i l i c o n e  p r i m e r  (SS4155) then RTV adhesive (560) .  
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Most o f  t h e  t e s t  a r  i c l e s  were exposed t o  en t ry - tempera ture  c o n d i t i o n s  (1 00°F 

f o r  10 minutes)  i n  a r a d i a n t  h e a t i n g  f a c i l i t y  p r i o r  t o  t h e  at tachment o f  t h e  

t o p  frame. When t h e  t e s t  a r t i c l e  coo led  t o  room temperature, t h e  t o p  frame 
was bonded t o  the  o u t e r  f a b r i c  l a y e r  w i t h  Duco cement and a t tached t o  the  

ceramic frame w i t h  screws threaded i n t o  the  bot tom p l a t e .  

I n s t a l l a t i o n  photographs o f  t e s t  a r t i c l e s  i n s t a l l e d  i n  t h e  t e s t  apparatus a r e  
shown i n  F i g u r e  7 .  I t  can be no ted  f rom F i g u r e s  3, 6 and 7 t h a t  t h e  i n s i d e  

w i d t h  o f  t h e  t o p  frame was 1 - i n c h  l a r g e r  than t h e  3 - i n c h  wide t e s t  sec t ion ,  

and the  ceramic frame was 2- inches w i d e r  than t h e  t e s t  s e c t i o n .  The e x t r a  

w i d t h  o f  t h e  t e s t  a r t i c l e  was choosen t o  min imize  t h e  e f f e c t s  o f  t h e  bonded- 

edge boundary c o n d i t i o n  i n  t h e  narrow t e s t  channel .  

4 TEST SECTION CALIBRATIONS 

P r i o r  t o  AFRSI t e s t s ,  a c a l i b r a t i o n  panel was i n s t a l l e d  i n  t h e  t e s t  s e c t i o n  t o  

e s t a b l i s h  t h a t  u s e f u l  mean and f l u c t u a t i n g  pressures c o u l d  be ob ta ined.  

p r i m a r y  o b j e c t i v e  o f  t h e  des ign was t o  s i m u l a t e  e n t r y  c o n d i t i o n s  w i t h  dynamic 

pressure,  q, between 250 and 300 psf  and w i t h  severe shock-wave l i k e  p ressure  

o s c i l l a t i o n s  near  1 p s i  RMS. A secondary o b j e c t i v e ,  b u t  n o t  a requi rement ,  was 

t o  determine i f  launch c o n d i t i o n s  c o u l d  be s i m u l a t e d  w i t h  q near 600 p s f .  It 

was a l s o  necessary t o  e s t a b l i s h  t h a t  c o n s t a n t  f l o w  c o n d i t i o n s  c o u l d  be main- 

t a i n e d  f o r  a t  l e a s t  5 minu tes .  

The 

A ske tch  o f  t h e  c a l i b r a t i o n  panel i s  shown i n  F i g u r e  8. The panel con ta ined 8 
o r i f i c e s  t o  measure t h e  mean va lues of  t h e  s u r f a c e  s t a t i c  pressures and 5 o r i -  

f i c e s  w i t h  K u l i t e  t ransducers t o  measure t h e  f l u c t u a t i o n s .  A t o t a l  p ressure  

probe was i n s t a l l e d  i n  t h e  a c r y l i c  t e s t - s e c t i o n  window ex tend ing  about  0 .5 - inch  

i n t o  t h e  stream a t  x = -2 inches.  The pressure  mean va lues were measured w i t h  

a p r e c i s i o n  Bourdon type gage and t h e  f l u c t u a t i o n s  were measured w i t h  an RMS 

meter and recorded w i t h  an o s c i l l o g r a p h .  

t u a t i n g  pressure  measurements was f rom 1 Hz t o  5000 Hz. 
The f requency bandpass o f  the  f l u c -  

The r e s u l t s  o f  t h e  c a l i b r a t i o n s  are  g i v e n  i n  Table 1 and F i g u r e s  9 and 10. 

Table 1 shows d a t a  f o r  two t o t a l  p ressure  (p t )  s e t t i n g s ,  4.0 p s i  and 12.1 p s i ,  
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w i t h  t h e  r o t o r  t u r n i n g  a t  100 r e v o l u t i o n s  p e r  second (RPS). 

t i o n s ,  as shown i n  Table 1 and F i g u r e  9, t h e  average q i n  t h e  t e s t  s e c t i o n  was 

about 280 p s f  and 580 p s f  r e s p e c t i v e l y .  The t e s t s  showed t h a t  cont inuous f l o w  

was p o s s i b l e  a t  q g r e a t e r  than 580 p s f ,  however the  r o t o r  tended t o  a u t o r o t a t e ,  

thus causing a speed c o n t r o l  problem. 

1.4 p s i  RMS (173 dB) a t  x =-0.5 i n c h  t o  1.1 p s i  RMS (171 dB) a t  x = -4 .0  inches  

a t  p t  = 4 .0  p s i .  The f l u c t u a t i n g  pressures v a r i e d  f rom 2.6 p s i  RMS (179 dB a t  

x =  -0.5 i n c h  t o  1.8 p s i  RMS (176 dB) a t  x =  -4.0 inches .  As would be expected, 

the  f l u c t u a t i n g  pressures increased s l i g h t l y ,  2 dB t o  3dB, i n  t h e  downstream 

d i r e c t i o n  toward t h e  r o t o r .  

For  these cond i  

The f l u c t u a t i n g  pressures v a r i e d  f rom 

The r o t o r  speed s e l e c t e d  f o r  t h e  AFRSI t e s t s  was based on t h e  t i m e  h i s t o r i e s  o f  

the pressure f l u c t u a t i o n s  i l l u s t r a t e d  i n  F i g u r e  10. 
o f f  no ise  and w a l l  pressure f l u c t u a t i o n s  a t  0 RPS o f  t h e  r o t o r  and a t  v a r i o u s  

r o t o r  speeds t o  200 RPS a t  p t = 4 . 0  p s i  ( q  = 280 p s f ) .  

was s e l e c t e d  because t h e  pressures had a s u p e r i o r  200 Hz waveform and h i g h e r  

ampl i tudes than the  pressures a t  o t h e r  r o t o r  speeds. 

These da ta  show t h e  wind- 

A r o t o r  speed o f  100 RPS 

5 TEST PROCEDURE 

A l l  the  AFRSI t e s t s  f o r  t h i s  i n v e s t i g a t i o n  were conducted a t  p t  = 4.0 p s i  t o  

s i m u l a t e  e n t r y  c o n d i t i o n s  w i t h  q = 280 p s f .  I n  o r d e r  t o  achieve t h e  a lmost  

instantaneous s t a r t - u p  f e a t u r e  o f  t h e  t e s t  apparatus,  t h e  r o t o r  was s t a r t e d  

f i r s t  a n d  t h e n  t h e  b a l l  v a l v e  shown i n  F i g u r e  4 was f u l l y  o p e n e d .  The  a d j a c e n t  

gate  v a l v e  had been pread jus ted  f o r  p t  = 4 . 0  p s i  f l o w  p r i o r  t o  t h e  r u n .  The 

i n i t i a l  s e t t i n g  o f  t h e  ga te  v a l v e  was acomplished w i t h  t h e  c a l i b r a t i o n  panel i n  

t h e  t e s t  s e c t i o n .  F o r  subsequent t e s t s  o f  AFRSI t h e  ga te  v a l v e  was n o t  c l o s e d  

a t  t h e  c o n c l u s i o n  o f  a run, and thus o n l y  minor  adjustments ( u s u a l l y  l e s s  than 

p t  = 0 . 2  p s i )  were made d u r i n g  each r u n  t o  m a i n t a i n  t h e  d e s i r e d  f l o w  s e t t i n g .  

When t h e  b a l l  v a l v e  was opened f o r  each t e s t ,  a r u n  t i m e r  and v i s u a l  i n s p e c t i o n  

were s imu l taneous ly  s t a r t e d .  

progressed. On occasion a r u n  was stopped t o  r e c o r d  damage and then r e s t a r t e d .  

Most t o t a l  r u n  t imes were f rom 300 t o  500 seconds l o n g .  

were taken o f  each t e s t  a r t i c l e .  

A r e c o r d  was made o f  AFRSI damage as t h e  r u n  

P o s t - t e s t  photographs 
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6 RESULTS AND D I S C U S S I O N  

Reference 6 has e s t a b l i s h e d  t h a t  threads used f o r  q u i l t  s t i t c h i n g  AFRSI t h a t  

have been en t ry - tempera ture  p r e c o n d i t i o n e d  s e l f - a b r a d e  and d i s i n t e g r a t e  r a p i d l y  

when exposed t o  dynamic loads .  

damage t h a t  s t a r t s  w i t h  q u i 1  t - s t i  t c h  f a i l u r e s ;  b u t  p rev ious  i n v e s t i g a t i o n s  have 

n o t  conf i rmed t h a t  t h e  q u i l t - s t i t c h  f a i l u r e s  always precede, and thus  cause, 

f a b r i c  f a i l u r e s .  W i l l  t h e  f a b r i c  f a i l  due t o  h i g h  dynamic loads  i f  t h e  q u i l t  

s t i t c h i n g  does n o t  f a i l ?  (Prev ious t e s t s  have shown t h a t  t h e  1 - i n c h  q u i l t e d  

f a b r i c  does n o t  f a i l  due t o  f l u t t e r ) .  

T h i s  r e s u l t  suggests a p o s s i b l e  p r o g r e s s i o n  o f  

There were 11 AFRSI t e s t s  conducted f o r  t h i s  i n v e s t i g a t i o n  w i t h  some v a r i a t i o n  

o f  en t ry - tempera ture  p r e c o n d i t i o n i n g  and f l u c t u a t i n g - p r e s s u r e  e x c i t a t i o n  f r e q -  

i s t e d  below. As can be seen i n  t h e  l i s t i n g ,  most o f  t h e  t e s t s  uency ( f E )  as 

No. o f  
A r t i c  

8 

1 

1 

1 

T e s t  En try-Temp. Dynamic Exc i t a  ti on 
es P r e c o n d i t i o n i n g  ? Pressure ( 9 )  Frequency ( f E )  

Yes 280 p s f  200 H z  

No 280 p s f  200 Hz 

Yes 

Yes 

280 p s f  0 Hz 

280 p s f  200 Hz f o r  2 sec. 
0 Hz 2-500 sec. 

were o f  en t ry - tempera ture  p r e c o n d i t i o n e d  AFRSI a t  q = 280 p s f  and f E  = 200 H z .  

One t e s t ,  however, was conducted o f  an AFRSI sample t h a t  had n o t  been temper- 

a t u r e  p r e c o n d i t i o n e d  t o  i l l u s t r a t e  t h e  c o n t r a s t  i n  performance due t o  e n t r y  

h e a t i n g .  Two a d d i t i o n a l  t e s t s  were conducted t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

1 arge f 1 uc tua  ti ons o f  pressure.  

6 . 1  Ent ry - tempera ture  Precond i t ioned AFRSI, q = 280 p s f ,  fE = 200 Hz 

Four examples o f  t h e  f i r s t  e i g h t  t e s t s  o f  heat-c leaned and en t ry - tempera ture  

p r e c o n d i t i o n e d  AFRSI a f t e r  exposure t o  q = 280 psf  and f E  = 200 Hz a r e  shown 

i n  F i g u r e  11. 

some cases t h e  f a b r i c - t o - o u t e r - f r a m e  bond f a i l e d ,  

The end r e s u l t s  o f  a l l  e i g h t  t e s t s  a r e  n o t  shown because i n  

a f f e c t i n g  f a b r i c  damage, 
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o r  i n  some cases t h e  f a b r i c  damage s t a r t e d  a t  the  frame o r  t e s t  s e c t i o n  w a l l .  

Nevertheless,  t h e  i n i t i a l  q u i l t - s t i t c h  t h r e a d  f a i l u r e s  on a l l  e i g h t  t e s t s  were 

v a l i d ,  and they  showed t h a t  t h r e a d  f a i l u r e s  s t a r t e d  i n  t h e  rows o f  t h r e a d  

c l o s e s t  t o  t h e  r o t o r  w i t h i n  t h e  f i r s t  3 t o  14 seconds o f  t h e  t e s t .  I n  a l l  

cases threads f a i l e d  b e f o r e  f a b r i c .  There was a l a r g e  v a r i a t i o n  i n  t h r e a d  

f a i l u r e  t imes and i n  t h e  progress ion  o f  f a i l u r e s ,  p robab ly  due t o  s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  looseness of  t h e  q u i l t - t h r e a d  l o o p .  

11 ( a )  shows t e s t  r e s u l t s  where n e a r l y  a l l  o f  t h e  th read loops  f a i l e d  w i t h i n  
5 seconds, whereas, f o r  t h e  same l e n g t h  o f  t ime ( 5  seconds) F i g u r e s  11 ( b )  and 

( c )  show o t h e r  t e s t  r e s u l t s  where l o o p  damage occur red  o n l y  i n  t h e  f i r s t  o r  
second row upstream o f  t h e  r o t o r .  

For  example, F i g u r e  

The AFRSI f a i l u r e  h i s t o r i e s  i l l u s t r a t e d  i n  F i g u r e  11 show t h a t  t h e r e  was a 

l a r g e  v a r i a t i o n  i n  r u n  t imes f o r  i n i t i a l  f a b r i c  damage, f rom 70 seconds t o  over  

400 seconds. F a b r i c  damage always s t a r t e d  where q u i l  t s t i t c h i n g  had p e n e t r a t e d  

the  f a b r i c .  

o f  exposure t o  t h e  r u n  environment.  However, i n  a l l  cases, the  i n s u l a t i n g  
q u a l i t y  o f  t h e  AFRSI would have d imin ished s h o r t l y  a f t e r  q u i l  t - t h r e a d  f a i l u r e s  

due t o  t h e  movement and r e l o c a t i o n  of  f i l l e r  m a t e r i a l .  Th is  r e s u l t e d  i n  

t i g h t e r  pack ing  o f  t h e  f i l l e r  i n  some l o c a t i o n s  and v o i d s  i n  o t h e r  l o c a t i o n s .  

Sec t ions  o f  AFRSI d i d  n o t  always d i s i n t e g r a t e  b e f o r e  500 seconds 

Observat ions o f  t h e  AFRSI t e s t  a r t i c l e s  d u r i n g  t h e  runs  showed t h a t  t h e r e  was 

a c o n s i s t e n t  sequence o f  damage, which was a s  f o l l o w s :  

f a i l e d  s t a r t i n g  where dynamic loads  were h ighes t ,  near  t h e  r o t o r .  ( 2 )  Outer 

f a b r i c  l i f t e d  immediate ly  w i t h  t h e  f a i l u r e  o f  q u i l t  threads.  The area and 
e l e v a t i o n  o f  f a b r i c  l i f t i n g  grew l a r g e r  w i t h  t h e  propagat ion  o f  q u i l t - t h r e a d  

f a i l u r e s .  ( 3 )  As t h e  q u i l t i n g  f a i l e d  and f a b r i c  l i f t e d ,  f i l l e r  m a t e r i a l  moved 

i n  t h e  streamwise d i r e c t i o n ,  g r a d u a l l y  pack ing  t h e  downstream r e g i o n  so t h a t  

the f a b r i c  was r e s t r a i n e d  f rom responding t o  t h e  dynamic loads .  

r e g i o n s  o f  AFRSI were g r a d u a l l y  vo ided o f  f i l l e r  m a t e r i a l ,  which would cause 

a l o s s  o f  i n s u l a t i n g  q u a l i t y  even w i t h o u t  o u t e r  f a b r i c  damage. ( 4 )  f a b r i c  

damage s t a r t e d  a t  a v a r i e t y  o f  l o c a t i o n s  a long l i n e s  where q u i l t  threads had 

p e n e t r a t e d  t h e  f a b r i c .  

f i l  l e r - m a t e r i a l  packing, t h e  p r o g r e s s i o n  o f  f a b r i c  damage was slow. When 

f a b r i c  damage s t a r t e d  i n  a r e g i o n  v o i d  o f  f i l l e r  m a t e r i a l ,  f a b r i c  damage was 

more r a p i d ,  u s u a l l y  r e s u l t i n g  i n  a growing r e g i o n  o f  d i s i n t e g r a t i o n  w i t h  t ime 

( F i g u r e s  11 ( a )  and ( b ) .  

( 1 )  Q u i l t  threads 

Upstream 

I f  t h e  i n i t i a l  f a b r i c  damage was i n  a r e g i o n  o f  t i g h t  
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6.2 No Entry-Temperature P r e c o n d i t i o n i n g ,  q = 280 p s f ,  fE = 200 Hz 

F i g u r e  12 shows the  damage t o  AFRSI a f t e r  a 500-second r u n  w i t h  a t e s t  a r t i c l e  

t h a t  had n o t  been en t ry - tempera ture  precond i t ioned.  Wi thout  t h e  ent ry- temper-  

a t u r e  p r e c o n d i t i o n i n g ,  i t  should be remembered t h a t  the  q u i l t  threads a r e  

t e f l o n  coated and a l s o  t h a t  t h e  t e s t  a r t i c l e  was c u t  f rom AFRSI t h a t  had been 

h e a t  c leaned and water  p roo fed .  I n  t h i s  case, as would be expected f rom Ref-  

erence 6, t h e r e  were no f a i l u r e s  o f  q u i l t  threads.  Some f a b r i c  damage s t a r t e d  

i n  t h e  l o w e r - r i g h t  corner  o f  t h e  t e s t  a r t i c l e  a t  14 seconds and a l s o  a t  two 

l o c a t i o n s  a long the  t o p  row o f  q u i l t  threads a t  112 seconds, b u t  t h e  damage d i d  

n o t  inc rease w i t h  t ime.  The more e x t e n s i v e  damage t h a t  s t a r t e d  a t  200 seconds 

spread more r a p i d l y .  It i s  o f  i n t e r e s t  t h a t  f o r  t h i s  case, w i t h  q u i l t  th reads  

i n  t a c t ,  t h e  f i l l e r  m a t e r i a l  d i d  n o t  move t o  cause downstream pack ing .  There- 

f o r e ,  t h e  f a b r i c  f a i l e d  where t h e  dynamic loads  were maximum - near  the  r o t o r .  

6 .3  E f f e c t s  o f  Large F l u c t u a t i o n s  o f  Pressure on Entry-Temperature 

Precondi  t i o n e d  AFRSI 

I n  o r d e r  t o  determine t h e  i n f l u e n c e  o f  shockwave- l ike presssure f l u c t u a t i o n s  

on e n t r y -  temperature p r e c o n d i t i o n e d  AFRSI , two a d d i t i o n a l  t e s t s  were conducted. 

For  one t e s t ,  t h e  r o t o r  was clamped i n  a p o s i t i o n  t h a t  d i d  n o t  o b s t r u c t  t h e  

f l o w .  Thus the  AFRSI was exposed o n l y  t o  the  dynamic loads  assoc ia ted  w i t h  t h e  

t e s t  s e c t i o n  boundary- layer  tu rbu lence a t  q = 280 p s f .  

the  r o t o r  was t u r n e d  on o n l y  f o r  t h e  f i r s t  two seconds o f  t h e  r u n  and then i t  

was clamped f o r  the  remainder o f  t h e  r u n .  The o b j e c t i v e  o f  t h i s  t e s t  was t o  

determine whether t h e  f a b r i c  would f a i l  w i t h o u t  t h e  h i g h  dynamic- load e n v i r o n -  

ment a f t e r  t h e r e  was i n i t i a l  q u i l  t - t h r e a d  damage. 

For  t h e  second t e s t ,  

F i g u r e  13 shows the  AFRSI t e s t  a r t i c l e  a f t e r  500 seconds a t  q = 280 p s f  and 

fE = 0 H z .  

frame edge, which was probab ly  due t o  t h e  frame, t h e r e  was no v i s i b l e  damage. 

F i g u r e  14  shows the  t e s t  a r t i c l e  t h a t  was exposed t o  q = 280 p s f  a t  fE = 200 Hz 

f o r  the  f i r s t  2 seconds f o l l o w e d  by fE = 0 Hz t o  500 seconds. I n  t h i s  case, 

even though t h e r e  was some q u i l  t - t h r e a d  f a i l u r e s  d u r i n g  the  2-second run, i t  

i s  s i g n i f i c a n t  t h a t  t h e r e  was no f u r t h e r  q u i l t - t h r e a d  o r  f a b r i c  damage i n  the  

absence o f  t h e  l a r g e  f l u c t u a t i o n s  o f  p ressure .  

Except f o r  t h e  s i n g l e  q u i l t - t h r e a d  f a i l u r e  a t  the  lower  r i g h t - h a n d  

The photograph i n  F i g u r e  14 
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was made a f t e r  t h e  i n i t i a l  2-second run .  

the  f a b r i c  had taken p l a c e  w i t h i n  t h e  2-second r u n  where t h e  q u i l t  threads had 

f a i l e d .  

was no change i n  t h e  appearance o f  t h e  AFRSI. 

I t  can be seen t h a t  some l i f t i n g  o f  

A separate photograph a f t e r  500 seconds was n o t  made because t h e r e  

The r e s u l t s  f rom t h e  f i n a l  two t e s t  a r t i c l e s  a r e  i m p o r t a n t  because they  c l e a r l y  

c o n f i r m  t h a t  f o r  e n t r y  c o n d i t i o n s  i t  i s  the  f l u c t u a t i n g  pressures i n  t h e  a i r -  

loads  t h a t  cause AFRSI f a i l u r e s .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  Reference 6 
which showed t h e  r a p i d  s e l f  abras ion  o f  q u i l t  threads.  The q u i l t  threads i n  

the  AFRSI f a i l  r a p i d l y  because t h e  q u i l  t l o o p s  tend t o  be loose and thus  they  

are  s u s c e p t i b l e  t o  dynami c mo ti on. 

7 CONCLUDING REMARKS 

Tests  o f  s m a l l  panels  o f  AFRSI were conducted u s i n g  a smal l  w ind- tunnel  t h a t  

was designed t o  s i m u l a t e  O r b i t e r  e n t r y  mean-flow and p u l s a t i n g  aerodynamic 

loads .  The w ind  tunnel  w i t h  a 3 - i n c h  wide b y  1.75- inch h i g h  b y  7 .5 - inch  l o n g  

t e s t  s e c t i o n  proved t o  be capable o f  cont inuous f l o w  a t  dynamic pressures ( 4 )  
near 580 p s f  w i t h  f l u c t u a t i n g  pressures over  2 - p s i  RMS a t  a t  an e x c i t a t i o n  

f requency ( f E )  o f  200 Hz.  For  t h i s  i n v e s t i g a t i o n ,  however, t h e  w ind  tunnel  

was used t o  t e s t  en t ry - tempera ture  p r e c o n d i t i o n e d  and heat-c leaned AFRSI a t  
q = 280 p s f ,  Prms z 1.2 p s i  and f E  = 200 Hz .  
t o  determine t h e  mechanism o f  f a i l u r e  o f  AFRSI a t  e n t r y  c o n d i t i o n s .  

The o b j e c t i v e  o f  these t e s t s  was 

The t e s t s  showed t h a t  f l u c t u a t i n g  pressures were t h e  cause o f  f a i l u r e s  o f  b o t h  
en t ry - tempera ture  p r e c o n d i t i o n e d  and heat-c leaned AFRSI a t  q = 280 p s f .  Q u i l t  

threads on en t ry - tempera ture  p r e c o n d i t i o n e d  AFRSI always f a i l e d  f i r s t ,  some 

w i t h i n  2 seconds o f  r u n  t ime, because t h e  q u i l t  loops  tend t o  be l o o s e  and a r e  

s u s c e p t i b l e  t o  dynamic mot ion  t h a t  caused r a p i d  f a t i g u e  due t o  s e l f  abras ion  

(Ref.  6 ) .  A f t e r  q u i l t  threads f a i l e d ,  t h e  o u t e r  AFRSI f a b r i c  l i f t e d  and t h e  

q u i l t  f i l l e r  m a t e r i a l  g r a d u a l l y  moved downstream, causing downstream pack ing  

and some upstream v o i d s  o f  f i l l e r  m a t e r i a l .  

s t a r t e d  where q u i l  t - t h r e a d s  had p e n e t r a t e d  t h e  f a b r i c .  

occur red  l a s t  i n  r e g i o n s  v o i d  o f  f i l l e r  m a t e r i a l .  

on a sample o f  heat-c leaned AFRSI t h a t  was t e s t e d  w i t h o u t  en t ry - tempera ture  

p r e c o n d i t i o n i n g .  The o u t e r  f a b r i c  f a i l e d ,  however, a f t e r  200 seconds of  

exposure t o  t h e  f l u c t u a t i n g  pressures.  

Damage t o  t h e  o u t e r  f a b r i c  always 

F a b r i c  d i s i n t e g r a t i o n s  

Q u i l t  th reads  d i d  n o t  f a i l  
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TABLE 1. AFRSI APPARATUS CALIBRATION 

ROTOR SPEED = 100 RPS; EXCITATION FREQUENCY = 200 HZ 

ORIFICE p ( p s i )  q ( p s f )  M V V 

P 1  2.08 274 0.43 480 8.2 562 0.62 687 
P2 2.05 279 0.43 484 8.1 576 0.62 696 
P3 2.06 277 0.43 483 8.3 547 0.61 679 
P4 2.06 277 0.43 483 8.1 576 0.62 696 
P5 2.09 273 0.43 479 8.2 562 0.62 687 
P6 2.03 282 0.44 487 8.1 576 0.62 696 
P7 1.99 287 0.44 492 8.0 590 0.63 705 
P8 2.19 258 0.42 466 8.3 547 0.61 679 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ORIFICE RMSpsf RMSpsi pk-pk dB RMSpsf RMSpsi pk-pk dB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K 1  194 1.35 3.77 173 382 2.65 7.43 179 
K2 185 1.28 3.60 173 370 2.57 7.19 179 
K3 169 1.17 3.29 172 330 2.29 6.42 178 
K4 171 1.19 3.33 172 341 2.37 6.63 178 
K5 155 1.08 3.01 171 266 1.85 5.17 176 
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Figure 2. Photograph of AFRSI test apparatus installation. 
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( a )  Assembly 

Figure 5. Details of the butterfly-valve rotor. 

-16- 



ORIGINAL PAGE IS 
OF POOR QUALITY 

c3 
3 cv 

n ln 

- 

3 
32 
.- 

I 

S o w h T  HD 
SET SCREW 

n 

(b) Rotor 

F i g u r e  5 .  Concluded. 
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Front View 

Top View 

Figure 7. Photographs of AFRSI test article in the test apparatus 
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Figure 9. Estimated distributions of dynamic pressure ( 9 )  and 
overall sound pressure level (OASPL) on AFRSI test 
articles with excitation frequency at 200 Hz. 
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(a) Test article 3 
Figure 11. Examples of damage to heat-cleaned and entry-temperature 
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( b )  Test article 6 

Figure 11. Continued. 
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(c) Test article 8 
Figure 11. Continued. 
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(d) Test article 9 
Figure 11. Concluded. 
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Figure 12. Heat-cleaned AFRSI without entry-temperature 
preconditioning after exposure to q = 2 8 0  psf 
and f E = 2 0 0  Hz. 
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Figure 13. Heat-cleaned and entry-temperature preconditioned 
AFRSI after exposure to q = 2 8 0  psf  and f E = O  Hz. 
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